We have developed a large-aperture, flash-lamp-pumped Cr:LiSrAlF 6 (Cr:LiSAF) amplifier for use in a femtosecond chirped-pulse amplifier system. Optimum design of the 19-mm-diameter amplifier results in a single-pass gain of 5 with good beam quality. This amplifier produces 1.05-J pulses after compression, with a width of 125 fs at a repetition rate of 0.05 Hz.
The development of the solid-state laser material Cr:LiSrAlF 6 (LiSAF) (Ref. 1) offers an important alternative for short-pulse laser applications. Like Ti : sapphire, LiSAF exhibits a broad bandwidth (tunable from 780 to 980 nm). Unlike Ti:sapphire, however, it has a long upper-state lifetime (67 ms), which allows it to be directly flash-lamp pumped, as well as low thermal lensing and a low nonlinear refractive index (5 3 10 214 esu). The long upper-state lifetime makes possible the development of compact, highenergy (.1-J) femtosecond laser systems. To date, systems that employ Ti:sapphire have been limited to pulses of energy ,300 mJ because of the necessity of pumping by a secondary laser. 2 Small-scale flash-lamp-pumped Cr:LiSAF lasers were first demonstrated by Stalder et al., 3 followed immediately by the development of femtosecond systems that use flash-lamp-pumped Cr:LiSAF amplifiers. 4 Hybrid systems that employ Ti : sapphire and Cr : LiSAF for amplification to the 100-mJ level have been demonstrated as well. 5 Pulse energy as high as 750 mJ has been demonstrated in a femtosecond Cr:LiSAF system that uses a 25-mm-diameter flashlamp-pumped amplifier. 6 This system utilized two 25 mm 3 115 mm Cr : LiSAF rods placed end to end pumped with 5 kJ of electrical energy to produce a single-pass gain of 2.4 with a maximum repetition rate of 1 pulse every 10 min. 6 In this Letter we report the development of a flash-lamp-pumped Cr:LiSAF system based on chirped-pulse amplification 7 that uses a single 19 mm 3 110 mm amplifier to produce 1.7-J pulses before compression and yields compressed 125-fs, 1.05-J pulses at a repetition rate of 0.05 Hz.
The optical layout of the LiSAF system is shown in Fig. 1 . A Kerr-lens mode-locked Ti:sapphire oscillator produces 110-fs, 825-nm pulses that are passed four times through an 1800-line͞mm grating pair pulse stretcher to yield positively chirped 450-ps pulses. A large stretching ratio (t p $ 0.5 ns) is desirable to limit the nonlinear phase accumulated through the amplifier chain, which can severely distort the recompressed pulse shape. 8 The ϳ1-nJ pulses then enter a TEM 00 stable ring regenerative amplifier that uses a 4-mm LiSAF amplifier, which yields a new gain of . 10 7 and a pulse energy of .12 mJ. 9 The pulse is then passed through a serrated aperture that truncates the wings of the Gaussian spatial profile. The image of this aperture is then relayed with magnification through the remainder of the amplifier system, resulting in a near super-Gaussian beam at the output. A second 4-mm LiSAF amplifier amplifies the pulse after the serrated aperture, and an air spatial filter expands the beam to 6.5 mm.
The pulse is then amplified in two 9.5-mm LiSAF amplifiers. We have optimized the performance of our large LiSAF flash-lamp-pumped heads to increase the maximum single-pass gain. By shortening the flash-lamp pulse width to 140 ms, which more closely matches the upper-state lifetime of the LiSAF, we have achieved electrical-to-stored energy efficiencies of .1.4% in these amplifiers. 10 The first 9.5-mm rod is double passed, and the second is single passed, yielding a net gain of 110 and a pulse energy of 400 mJ. Each amplifier rod is each pumped in a cavity with four flash lamps by 600 J of electrical energy.
A vacuum spatial filter expands the beam for amplification in the 19 mm 3 110 mm LiSAF amplifier. By using a relatively short rod (length #11 cm), we can obtain material of high optical quality with clear apertures of .20 mm. The amplifier head uses eight lamps in a cylindrical pump cavity, and delivers up to 3 kJ of electrical pump energy in a 160-ms flashlamp pulse. The amplifier head is water cooled, and the amplifier rod thermally recovers within 20 s after being pumped with the full 3 kJ of energy. The gain of this amplifier for a full aperture beam (14 mm) as a function of input electrical energy is shown in Fig. 2(a) . At low pump energies, the pump efficiency is high (1.6%), but at the higher pump energies this efficiency begins to drop. The result is that the smallsignal gain grows roughly linearly with increasing pump energy. We attribute this drop in the pump efficiency to the shift of the Xe flash-lamp light spectrum toward the ultraviolet with increasing electrical pump energy. This shifts the flash-lamp light away from the LiSAF absorption bands and lowers the excitation efficiency. To model this effect we use the fact that the spectral characteristics of small-bore Xe flash lamps can be well approximated by that of a plasma column emitting radiation with a single effective blackbody temperature 
where D is the Xe plasma column diameter in centimeters and P is the Xe fill pressure in Torr ͑ 800 Torr for our lamps). The actual emitted flash-lamp spectrum is corrected by the angle-averaged emissivity of the Xe plasma column.
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The time-dependent current density, J (in kiloamperes per square centimeter), is calculated from the time-dependent behavior of the LRC circuit that produces the flash-lamp pulse. 13 The changing emission spectrum results in a timedependent pumping efficiency, g͑r, t͒. The radial and temperature dependence of g͑r, t͒ is found by calculating the pump light flux at a radius r in the rod by assuming that the surface of the rod is uniformly illuminated by the flash-lamp light and that the light undergoes exponential absorption. The uniform illumination is integrated over the surface of the rod, and this is then integrated over the spectral distribution of the pump light, P kT ͑l͒, weighted by the absorption cross section, s a ͑l͒. Because the rod length (l 100 mm) is much greater than the rod radius ͑R 9.5 mm), it is a good approximation to extend the limits of the integration over the length to 6`, which yields for the pump efficiency
where u and z are the coordinates of the rod surface. The current density and plasma temperature are calculated by assuming a plasma column of 5-mm diameter.
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The radial time-dependent inversion density, n͑r, t͒, in the rod is then obtained by solving the rate equation
Here t is the upper-state lifetime of the LiSAF (67 ms), N is the Cr 31 -ion density, and W ͑t͒ is the normalized flash-lamp light power per unit area incident upon the rod surface. a cav is a fitting parameter that characterizes the overall efficiency of the pump cavity. The small-signal gain experienced by a flat-top beam, calculated at the time when the inversion density is maximum, is then given by
with a beam radius of a 7 mm. The calculated small-signal gain as a function of pump energy is shown as a solid curve in Fig. 2(a) . For comparison, the gain calculated by assuming a constant pump efficiency of 1.8% for all pump energies is shown as a dashed curve in Fig. 2(a) . Inclusion of the UV shifting in our model accurately predicts the observed small-signal gain in this head for pump energies between 1 and 3 kJ as well as the linear increase of the gain with increasing electrical pump energy. From these measurements we conclude that it is the UV shifting that sets the limit on flashlamp pump efficiency in large-aperture LiSAF amplifiers. Furthermore, because the UV shift varies with the flash-lamp current, further shortening of the flashlamp pulse width would increase the current density in the lamps and would not necessarily significantly improve the single-pass gain performance. It is for this reason that we have chosen a flash-lamp pulse that is 160 ms instead of one that more closely matches the 67-ms lifetime of the LiSAF. For example, with 3 kJ of electrical energy put into our eight flash lamps, shortening the pulse width to 70 ms would result in only a slight increase in gain from 5 to 5.6.
Our 19-mm rod has a Cr 31 -ion doping of 0.8%, which corresponds to an ion density of 1.0 3 10 20 ions͞cm 3 . This doping provides a good compromise between absorption efficiency and gain uniformity. The radially dependent small-signal gain in the rod at an electrical pump energy of 2.7 kJ is shown in Fig. 2(b) . The gain varies from 3.5 at the center of the rod to 6.5 at the outer edge of the beam (r 7 mm). This gain variation can be compensated by generation of a signal pulse that exhibits an intensity profile opposite to the gain profile. We accomplish this by passing a truncated Gaussian beam through the preamplifiers, resulting in a beam exiting the final 19-mm amplifier that closely approximates a flat-top. The 1.7-J pulse is injected into a double-pass grating pair pulse compressor. The 1800-line͞mm gratings were designed for high diffraction efficiency in the 21 order for 825-nm light.
14 Each grating exhibits a diffraction efficiency of ϳ90%, resulting in a compressor throughput of 63% and a recompressed pulse with an energy of as high as 1.05 J. The autocorrelation of the recompressed pulse is shown in Fig. 3 . A Fourier transform of the amplified pulse spectrum indicates a transform-limited pulse width of 125 fs and an autocorrelation width of 190 fs, in good agreement with the measured width of 195 fs. This implies that the observed pulse is very nearly transform limited ͑DnDt 0.41͒, with a width of 125 fs. The intensity of the recompressed pulse at this point is in excess of 400 GW͞cm 2 , and any propagation in air would result in significant self-phase modulation and spatial beam breakup. To circumvent this problem, we enclosed the compressor in a chamber filled with Ar, which has a substantially lower nonlinear refractive index than does air. Subsequent propagation of the recompressed pulse to the experimental apparatus is in Ar.
Of equal importance to the peak power in highirradiance systems is the focusability of the beam.
The 19 mm 3 110 mm Cr : LiSAF rod results in an overall peak-to-valley phase aberration of approximately l͞4. This is not the limiting distortion in our system. Instead, it is the double pass in the first 9.5-mm amplifier that results in a phase-front distortion of ഠl͞2 that is responsible for the primary limit on focusability. Far-field and pinhole measurements of the focal spot produced with an f͞25 lens indicate that 55% of the focused pulse energy is contained in a near-diffraction-limited spot of 40 mm (1͞e 2 diameter). These measurements were independent of pulse energy, consistent with our estimate of an accumulated system nonlinear phase less than 1 rad at 1-J output energy from the compressor.
In summary, we have developed a compact Cr:LiSAF laser system capable of producing femtosecond pulses with an energy of 1 J. The system employs a flashlamp-pumped, 19 mm 3 110 mm amplifier that produces a radially averaged single-pass gain of 4.8 for a pump energy of 3 kJ. This permits amplification of stretched pulses to an energy of 1.7 J at a repetition rate of one shot every 20 s. Recompression results in a transform-limited 125-fs, 1.05-J pulse with a corresponding peak power of 8.5 TW.
